In Drosophila, the homeotic gene Distal-less (Dll) has a fundamental role in the establishment of the identity of ventral appendages such as the leg and antenna. This study reports the expression pattern of Dll in the genital disc, the requirement of Dll activity for the development of the terminalia and the activation of Dll by the combined action of the morphogenetic signals Wingless (Wg) and Decapentaplegic (Dpp). During the development of the two components of the anal primordium ± the hindgut and the analia ± only the latter is dependent on Dll and hedgehog (hh) functions. The hindgut is de®ned by the expression of the homeobox gene even-skipped. The lack of Dll function in the anal primordia transforms the anal tissue into hindgut by the extension of the eve domain. Meanwhile targeted ectopic Dll represses eve expression and hindgut formation. The Dll requirement for the development of both anal plates in males and only for the dorsal anal plate in females, provides further evidence for the previously held idea that the analia arise from two primordia. In addition, evaluation was made of the requirement for the optomotor-blind (omb) gene which, as in the leg and antenna, is located downstream to Dpp. These results suggest that the terminalia show similar behaviour to the leg disc or the antennal part of the eye-antennal disc consistent with both the proposed ventral origin of the genital disc and the evolutive consideration of the terminalia as an ancestral appendage. q
Introduction
In Drosophila, the terminalia comprise the entire set of internal and external genitalia (with the exception of the gonads), the hindgut and the anal structures (Bryant, 1978) . They arise from a single imaginal disc of ventral origin (Schu Èpbach et al., 1978) which is of complex organisation and shows bilateral symmetry. The genital disc shows extreme sexual dimorphism. Early in development, the anlage of the genital disc of both sexes consists of three primordia: the female genital primordium (FGP), the male genital primordium (MGP) and the anal primordium (AP). In both sexes, only two of the three primordia develop: the corresponding genital primordium and the anal primordium. These in turn develop, according to the genetic sex, into female or male analia. The undeveloped genital primordium is the repressed primordium (RFP and RMP, respectively for the female and male genital primordia; Epper and No Èthi-ger, 1982) .
Previous studies have suggested that the terminal adult structures are formed in the genital disc by similar cues to those that lead to the formation of the adult appendages in other imaginal discs. The genital disc has a segmental origin and is formed by the fusion of three segmental primordia. Each segment has an anterior (A) and a posterior (P) compartment based on the expression and requirement of the engrailed (en) gene (Freeland and Kuhn, 1996; Chen and Baker, 1997; Casares et al., 1997) . The P cells that express en, programme these cells to transcribe hedgehog (hh), which encodes a secreted protein. The Hh signal in the A compartment triggers the expression of decapentaplegic (dpp) and wingless (wg) which control the growth and patterning of both compartments (Basler and Struhl, 1994; Sa Ânchez et al., 1997; Chen and Baker, 1997) . In other discs such as the leg and antennal discs, these signals act as long range morphogens and work antagonistically to organise the dorso/ventral (D/V) axis, and co-operatively to establish the proximo/distal (P/D) axis (Lecuit and Cohen, 1997 ; for a review . It has also been found that the complementary and mutually exclusive interaction of Wg and Dpp in the genital disc is essential for the development of each terminal structure . However, the mechanism of this mutual repression is not known and the D/V and P/D axes in the disc are yet to be established.
From an evolutionary point of view, the genitalia are considered a modi®cation of the primitive appendage of a common ancestor to all arthropods (Matsuda, 1976) . Moreover, certain mutations can give rise to a homeotic transformation from genitalia to leg (Ingham, 1985; Shearn et al., 1987) . It is also known that different disc types trans-determine to speci®c structures with characteristic frequency and the genital disc trans-determines to leg or antenna with high frequency (reviewed by Hadorn, 1978) . These arguments, combined with the functional analysis of the Hh pathway and the functional relationships between wg and dpp, have led to the proposal that the genital imaginal disc is a ventral disc which behaves in a similar manner to the leg and antennal discs (Chen and Baker, 1997; Casares et al., 1997; Sa Ânchez et al., 1997) .
The homeobox gene Dll is known to play a critical role in the development of ventral appendages and to be required for the establishment of the P/D axis (Sunkel and Whittle, 1987; Cohen and Ju Èrgens, 1989a,b; Gor®nkiel et al., 1997; Campbell and Tomlinson, 1998) . The lack of Dll activity results in the loss of most of the leg and antenna (Cohen and Ju Èrgens, 1989a,b) . Dll is expressed in the central part of the leg and antennal discs, an area containing the precursor cells of the more distal regions of both appendages (Cohen, 1993) . Activation of Dll expression in the leg and antennal disc is triggered by the juxtaposition of the wg expression domain in ventral-anterior cells and the dpp expression domain in dorsal-anterior cells, close to the anterior/posterior (A/P) compartment boundary (Dõ Âaz-Benjumea et al., 1994; Campbell and Tomlinson, 1995) . It has been proposed that the P/D axis of the limb is established by cell±cell interactions that maintain Dll expression (Dõ Âaz-Benjumea et al., 1994; Held et al., 1994; Campbell and Tomlinson, 1995) . Ectopic expression of wg and dpp in the leg and antennal discs can induce the ectopic expression of Dll and therefore duplication of the P/D axis (Dõ Âaz-Benjumea et al., 1994) . In a similar manner, when Dll is ectopically expressed in these ventral discs, duplication of the legs and antennae occurs along with the activation of wg and dpp . Dll is also able to induce the formation of these ventral appendages in the dorsal part of the body . It has been proposed that Dll induces the development of ventral appendages and also participates in the genetic address that speci®es the identity of ventral appendages and discriminates the dorsal versus the ventral appendages in the adult. However, to date neither the expression pattern of Dll in the genital disc nor the requirement for Dll in the terminalia have been approached.
Here we investigate the expression pattern and functional requirement for Dll in the terminalia. We show that Dll is expressed in the genital and anal primordia of the genital disc and is required for the formation of some genital structures and the analia. Dll expression is regulated by the pattern-forming genes hh, wg and dpp in the genital disc in a similar manner to the leg disc. The expression of evenskipped (eve) in the anal primordia as a marker of the hindgut primordia and its relationship with Dll function were examined. The development of the hindgut, where Dll is not expressed, is independent of the Hh pathway. In addition, analysis was made of the function of optomotor-blind (omb). As in the leg and antenna, omb also responds to Dpp and has a very speci®c role in the formation of the genital structures. The antagonistic role of Wg and Dpp can be mediated by Omb which represses wg expression. The results presented here lend further support to the ventral nature of the genital disc.
Results

Dll is required for the development of the genital disc
The expression pattern of Dll in the genital disc was analysed. Dll is neither expressed in the embryonic terminalia (Cohen, 1993) nor in the embryonic precursor cells of the genital disc (data not shown). In the female third larval instar genital disc, Dll showed a localised distribution; it was strongly expressed in a large spot in the central part of the anal primordium and in a faint band of cells in the genital primordium (Fig. 1G , see Fig. 1E for fate map of the female genital disc). It was not detected in the RMP. Similarly, in the male genital disc, Dll was expressed in a large spot both in the anal primordium and in the male genital primordium but not in the RFP (Fig. 1H , see Fig. 1F for fate map of the male genital disc).
The adult cuticle structures derived from the normal female and male genital discs are shown in Fig. 1A ,B and Fig. 1C ,D, respectively. Several GAL4 insertions in the Dll locus were used and these permitted the identi®cation of the adult regions where Dll was expressed according to the observed X-Gal staining. In females, Dll was expressed in the vaginal plates and in the anal plates (Fig. 1I ). In the dorsal anal plate, Dll was expressed in a generalised manner whilst the ventral plate showed fainter Dll expression which was stronger in the distal part of the plate. In males, Dll was expressed in the claspers and anal plates (Fig. 1J) . The expression, both in male and female external terminalia, was as predicted by the prospective fate map of the genital disc (compare Fig. 1E ,F with Fig. 1I ,J, respectively). The internal structures are not well de®ned in term of Dll expression.
To investigate whether there is a functional requirement for Dll in the terminalia, the phenotype of different viable Dll mutant combinations was analysed. These Dll hypomorphic mutant combinations were initially described by their phenotype in the leg and antenna (Cohen and Ju Èrgens, 1989a 
/Dll
MP the female dorsal anal plate was reduced whereas the ventral anal plate was normal ( Fig. 2A) . The vaginal plates were disorganised (Fig. 2B) . In males, the anal plates were strongly reduced (compare the wild-type anal plates in Fig. 1C with the Dll-mutant anal plates in Fig. 2C , asterisks). The external genital structures were, however, unaffected. These phenotypes show that the Dll expression domains do not fully correspond to its requirement. This led us to look for alterations in the internal genital structures. In both males and females, the internal genitalia appeared normal (data not shown). Surprisingly, we found that under the strongest hypomorphic conditions (Dll 3 /Dll MP ), the hindgut was enlarged in both females (compare Figs. 2D and 2E) and males (compare Figs. 2F and 2G). The few anal structures that remained were surrounded by hindgut tissue (Fig. 2G , arrows) (see below). This result suggests an expansion of hindgut territory at the expense of the anal plates.
To further investigate the requirement for Dll, Dll SAI clones (marked with yellow) were induced during the larval stages. Dll 2 clones did not develop anal plates in males (Fig.  2H , asterisk) and dorsal anal plates in females (Fig. 2J,  asterisks) . These clones could be recognised since some of Staining is observed in both the anal (arrows) and genital (arrowhead) primordia. Dll expression domains in the external adult structures shown by X-Gal staining of Dll-GAL-4/UAS-lacZ female (I) and male (J)¯ies. dAp, dorsal anal plate; vAp, ventral anal plate; Vu, vulva; vVp, ventral vaginal plate; dVp, dorsal vaginal plate, Ad, apodeme; Ap, anal plate; Cl, clasper; GA, genital arch; Hy, hypandrium; Lp, lateral plate; PA, penis apparatus; Hg, hindgut; RMP, repressed male primordium; RFP, repressed female primordium; Gi, internal genitalia; Ge, external genitalia. them still differentiated yellow (y) bristles. Dll 2 clones did not show detectable alterations in the male external genitalia. Examples are shown in Fig. 2H (arrows), where yellow clones in the lateral plate and clasper developed normally. Since only a few structures of the genitalia can be analysed with the y marker, it is possible that minor phenotypic alterations may go undetected. Dll 2 clones did not affect the development of the female ventral anal plates (Fig.  2I ). Thus, although Dll is also expressed in the ventral anal plate in females and in the claspers in males, it seems that it is not required for the formation of these structures. These results are in agreement with those observed using the viable Dll mutant combinations.
Interaction between Dll and eve in the anal primordia
Both the female and male anal primordia give rise to two different adult structures: the hindgut and the anal plates (Little®eld and Bryant, 1979; Epper, 1983; Ehrensperger, 1983) . These territories are well de®ned by the complementary expression of the homeotic genes Dll and even-skipped (eve) (F. Casares, personal communication). Adult regions that express Dll and Eve were de®ned by X-Gal staining of Dll-GAL4/UAS-LacZ and eve-lacZ¯ies, respectively. These two genes show a complementary expression pattern. Dll was expressed in the anal plates of both females (Figs. 1I and 3A) and males ( Fig. 1J ) but not in the hindgut. In contrast, eve was expressed in the hindgut of both females (data not shown) and males ( Fig. 3D ). Some residual Dll expression was detected in the rectal papillae (asterisks), but these structures are not derived from the genital disc. Thus, the adult analia and hindgut were de®ned by Dll and eve expression patterns respectively. Also in the genital disc, eve labels the prospective hindgut that occupies the central part of the anal primordium while Dll marks the primordia of the anal plates located at both ends of the primordia in both females ( Fig. 3C ) and males ( Fig. 3D ). This eve expression both in discs and adults suggests that eve is required for hindgut development.
It was mentioned above that in the Dll hypomorphic combinations, the hindgut was enlarged and the anal plates were reduced. This phenotype correlates with gene expression since in Dll 2 clones, eve expression extended into the anal territory both in females ( Fig. 3E ,G) and males (Fig. 3F, H) . In some Dll 2 clones eve is only activated in the part of the clone nearest to the normal eve-expression domain (compare eve expression in the different regions of the same Dll 2 clone in Fig. 3G and I). This indicates that there is a region capable of activating eve which is then transformed to hindgut. This region could correspond to the prospective dorsal analia in females (Little®eld and Bryant, 1979; Epper, 1983) where Dll is speci®cally required. Fig. 2 . Phenotype of the terminalia mutants for Dll. In the hypomorphic combination Dll 3 /Dll MP (A,B,C,E,G), the female (A) and male (C) anal plates are reduced (asterisks), the vaginal plates are disorganised (B) and the hindgut is enlarged both in females (compare wild-type hindgut in D with the mutant in E) and males (compare wild-type hindgut in F with the mutant in G). A few anal bristles surrounded by hindgut tissue may be observed (E and G, arrows) . Phenotype of Dll SA1 clones (marked yellow) induced at 24±48 h AEL in male (H) and female (I,J) external genitalia (arrows: yellow bristles). Although Dll is expressed in the male genital primordium, the lack of Dll function only affects the analia (asterisks).
To test if a mutually repressive interaction between the homeotic genes Dll and eve in the anal primordium can lead to their complementary expression domains, we expressed either Dll or eve in the presumptive cells of both the hindgut and analia using the cad-GAL4 line (Fig. 3I,J) . In UAS-Dll/cad-GAL4 discs, eve was not expressed and there was a reduction of the whole primordium (Fig. 3I) . The Dll domain was also reduced as it happens in all ventral discs upon Dll ectopic expression because an excess of Dll represses its own expression . The adult¯ies did not show hindgut structure and the anal plates were also reduced (data not shown). In UAS-eve/cad-Gal4 discs there was a reduction of Dll domain with and enlargement of the hindgut primordium but there were still cells that co-expressed Dll and eve (Fig. 3J) . Therefore, we conclude that the complementary expression domains of Dll and eve in the anal primordium is due to eve repression by Dll.
2.3. Requirement for the Hh signal to form the genital and anal structures but not the hindgut
In the leg and antennal discs, the expression of Dll depends on the Hh signalling pathway. Using the hh ts2 allele, we observed that in the genital disc, Hh is also required for Dll activation: after 4 days at the restrictive temperature, the genital discs were very small and show no Dll expression (Fig. 4B ). In the same hh ts2 larvae, residual Dll expression can be detected in the trochanter region of the leg disc (Dõ Âaz-Benjumea et al., 1994) (Fig. 4A) . However, eve expression in the anal primordia was maintained ( Fig. 4B ) and occupied most of the reduced genital disc. This result indicates that Dll, but not eve expression, depends on Hh and that all the terminalia with the exception of the hindgut require Hh function.
To further analyse this hh requirement for Dll activation, we studied the effect of smoothened (smo) lack of function. In smo 2 cells, Hh reception is impeded because smo is a component of the Hh receptor complex (van den Heuvel and Ingham, 1996; Alcedo et al., 1996; Chen and Struhl, 1996) . In the genital disc, Dll expression only disappeared in smo 2 clones when the clone was large enough to cover most of the Dll expression domain (Fig. 4C,D, arrows) . Accordingly, eve expression was also ectopically activated in smo 2 mutant cells although, as we also observed in Dll 2 cells, eve cannot be activated in certain regions of the clones (Fig.  4E,F, arrows) . These results indicate once again that Dll is dependent on Hh function while eve is not.
Large smo 2 clones close to the A/P compartment transform some structures of the external genitalia and analia. The A/P compartment border is shown in the schematic representation of the female (Fig. 4G) and male (Fig. 4H) adult external terminal structures. The en domain is labelled in blue. In the female genitalia, smo 2 clones duplicated the long bristle of the vaginal plates (data not shown) and clones in T8 produced tissue overgrowth with y 2 bristles (Fig. 4J,  arrow) . Large smo 2 clones reduced the female dorsal anal plate, whereas the female ventral anal plate was rarely affected (Fig. 4I) . Some clones produced segregated tissue in the female analia labelled with y bristles in the perianal region (Fig. 4K, arrow) . However, small clones or clones located outside the A/P compartment border had no effect (data not shown). In the male genitalia, smo 2 clones duplicated the genital arc (Fig. 4L, arrows) , part of the claspers (Fig. 4L, arrowhead) and the hypandrium bristle (Fig 4M,  arrow) . All these structures are located close to the A/P Fig. 3 . Complementary expression domains of Dll and eve in the analia and hindgut. Dll and eve expression patterns in the adult as revealed by X-Gal staining. Female (A) and male (B) of Dll-GAL4/UAS-lacZ (A) and evelacZ (B)¯ies. Dll is expressed in the analia (Ap) and eve in the hindgut (Hg). The four rectal papillae (asterisk), which are not derived from the genital disc, are also stained in control¯ies (data not shown). Expression domains of Dll (green) and eve (red) in female (C) and male (D) anal primordia. In Dll 2 clones (E,F,G,H, marked by the absence of Dll expression), the eve domain is enlarged towards the prospective anal plates (E,F,G,H, arrows). E and G show the same clone in different focal planes in a female disc. F and H show two different Dll 2 clones in males. The Dll 2 clones were induced at 24±48 h AEL. Note that eve is only ectopically expressed in one region of the Dll 2 clone. Ectopic Dll expression driven by the cad-GAL4 line represses eve in the anal primordium of female (I) and male (data not shown) genital discs. Note the overall reduction of the anal primordium (I, arrow). Ectopic eve expression driven by the cad-GAL4 line reduces Dll expression in the anal primordium: a male genital disc is shown (J, arrow). compartment border. As in Dll 2 clones, large smo 2 clones deleted the anal plate in males (Fig. 4L, asterisk) . In both males and females, only when the clone was large enough could Dll expression not be activated in the disc primordia giving rise to the Dll 2 phenotype. This result suggests that only in large smo 2 clones both wg and dpp are not activated and therefore are unable to induce Dll expression.
The hh requirement for the analia but not for the hindgut was also con®rmed by the ectopic expression of Cubitus interruptus (Ci). ci encodes a transcription factor that acts as an activator of the target genes of the Hh pathway (Slusarski et al., 1995; Domõ Ânguez et al., 1996; Aza-Blanc et al., 1997) . We found that the overexpression of Ci in the anal primordia of cad-GAL4/UAS-ci¯ies, leads to the enlargement and fusion of the anal plates (Fig. 5A,  arrow) . Accordingly, the Dll expression domain in the genital disc was expanded to cover most of the primordia and the eve domain was reduced (Fig. 5B ). This again demonstrates the complementary and exclusive nature of the eve and Dll domains in the anal primordia.
Induction of Dll expression by the morphogenetic signals Wg and Dpp
The requirement for the Hh signal in Dll activation might be mediated by Wg and Dpp signals. This occurs in other ventral discs. Dll expression arises at the juxtaposition of Wg and Dpp expressing cells as revealed by double staining for Dll and dpp, and Dll and wg. In both genital and anal primordia, Dll expressing cells overlapped those that expressed wg and dpp ( Fig. 6A±D ; arrowheads, genital primordia; arrows, anal primordia). It has been previously reported that the ectopic expression of both Wg and Dpp produces several phenotypic alterations in both female and male terminalia . Similar types of transformations are also induced by the lack of function of either patched (ptc) or protein Kinase A (pKA). In these mutants, the Hh pasthway is constitutively active giving rise to the de-repression of Wg and Dpp (Chen and Baker, 1997; Sa Ânchez et al., 1997) . Here, it was found that the lack of PKA function in the genital disc induced ectopic Dll (Fig.  6E, arrow) . This Dll induction required both Wg and Dpp signals in the same cells since Dll was not activated in pKA 2 dpp 2 and in pKA 2 wg 2 double mutant clones (data not shown) as occurs in other discs of ventral origin (Lecuit and Cohen, 1997) .
In the male repressed primordium (RMP) of the female genital disc, wg is expressed but not dpp. Consequently, Dll is not expressed because Dll is only activated in cells that express both dpp and wg. Ectopic Dpp expression in the wg expression domain driven by the MS248-GAL4 line induced Dll`de novo' in the RMP (Fig. 6F, arrow) which Fig. 4 . Dll expression depends on Hh signalling. Dll (green) and eve (red) expression patterns in hh ts2 imaginal discs after 4 days at the restrictive temperature in the leg imaginal disc (A) and in the genital disc (B). Dll only remains in the trochanter precursor cells and disappears in the presumptive distal part of the leg as described by Dõ Âaz-Benjumea et al. (1994) . Dll expression is not detected in the genital discs of the same larvae but eve expression is maintained (B). Early induced smo 2 clones (24±48 h AEL) in genital discs (marked by the absence of b -galactosidase) in females (C,E) and males (D,F) prevent Dll expression (arrows in C,D) and extend the eve expression domain (arrows in E,F). Schematic representation of the engrailed expression domains (blue) in the female (G) and male (H) external adult terminalia to indicate the A/P compartment border. smo 2 clones induced at 24±72 h AEL in the adult terminalia and labelled in the cuticle with y (I,J,K,L,M). In both male and females, the effect of smo 2 clones is observed in structures close to the A/P boundary. Early smo 2 clones (24±48 h AEL) in the female analia delete part of the dorsal anal plate (I, asterisk) and do not affect the ventral plate. smo 2 clones in the T8 induce overgrowth (J, arrow). The clones appearing in the perianal ring were interpreted as duplicated anal structures (K, arrow). smo 2 in male adult terminalia (L,M) autonomously duplicate the structures close to the A/ P border such as the genital arc (L, arrows), the claspers (L, arrowhead) and the hypandrium bristle (M, arrow). Large clones in the male analia delete most of the anal plate (L, asterisk) and small clones close to the A/P border duplicate anal structures (data not shown).
showed an increase in size. However, these changes do not allow the development of adult structures from this primordium since there is no activation of the male speci®c cytodifferentiation genes as the genetic sex has not changed. Dll is not activated in the repressed female primordium (RFP) of the male genital disc despite the fact that, in this primordium, both wg and dpp are normally expressed. This activation does not occur even if we increase the levels of Dpp. These results suggest that speci®c genes expressed in the RFP can exert a negative control of Dll expression.
Regulation of omb by wg and dpp
In order to ®nd other genes involved in the development of the terminal structures, we also studied the expression pattern and the functional requirement for optomotor-blind (omb). This gene encodes a protein with a DNA-binding domain (T domain; P¯ugfelder et al., 1992) and behaves as a downstream gene of the Hh pathway in other imaginal discs (Grimm and P¯ugfelder, 1996) . In the genital disc, Omb was detected in the dpp expression domains, abutting the wg expressing cells (Fig. 7A,B, arrows) . This behaviour of omb expression is similar to that found in the leg and antennal discs (Grimm and P¯ugfelder, 1996) . In the genital disc, omb is also regulated by the Hh signalling pathway since pKA 2 clones also ectopically expressed omb (Fig.7C,D, arrows) .
We analysed the phenotypes produced due to omb lack of function using the allele omb 282 (P¯ugfelder et al., 1990) . Homozygous females for this allele could not be obtained but some male pharates were analysed. In males, the dorsal bristles of the claspers and the hypandrium bristles were absent (Fig. 8A,D, arrows) . Also, the hypandrium was devoid of hairs and the hypandrium fragma was reduced ( Fig. 8D, arrowhead; for comparison see wild type hypandrium in Fig. 8C) . Surprisingly, the anal plates were mostly somewhat enlarged in the ventral region and reduced in the dorsal areas (Fig. 8A) . The structures affected in omb 2 were duplicated when omb was overexpressed in the dpp domain using the dpp-GAL4/UAS-omb combination. In males, the dorsal bristles of the clasper (Fig. 8B ) and the hypandrium bristles (Fig. 8E) were duplicated. These phenotypes are similar to the ones obtained as a result of ectopic Dpp .
Complementary and mutually exclusive interaction of Wg and Dpp occurs in all ventral discs Jiang and Struhl, 1996; Penton and Hoffman, 1996; Johnston and Schubiger, 1996; Sa Ânchez et al., 1997) . Here Fig. 6 . Dll expression is induced by Wg and Dpp signals. Wild type expression patterns of the genes Dll, dpp and wg in third instar female (A,B) and male (C,D) genital discs. Double staining of Dll (green) and dpp-lacZ (red) in wild-type female (A) and male (C) genital discs; and double staining of Dll (green) and wg-lacZ (red) in wild-type female (B) and male (D) genital discs. Expression patterns were obtained by anti-Dll and anti-b-Galactosidase antibody staining. Note the overlap between Dll and dpp/wg in the genital (arrowheads) and the anal (arrows) primordia (only the ventral view is shown). In pKA 2 clones induced at 24±72 h AEL (E, marked by the absence of b-Galactosidase in red), Dll is ectopically activated (E, arrow) but only in speci®c regions of the genital disc. This could be explained by the requirement of both wg and dpp for Dll activation. The broken line marks the axis of juxtaposition of the wg and dpp expression domains and the competent region where Dll can be activated in pKA 2 clones. In the RMP, where wg but not dpp is expressed, ectopic dpp driven by the M248-GAL4 line ectopically activates Dll (F, arrow). we show that the mechanism of wg repression by Dpp can be mediated by Omb. When omb was induced in the wg domain using the MS-248/UAS-omb mutant combination, Wg was neither detected in the genital disc (Fig. 8F, arrow) nor in other ventral discs (data not shown). Accordingly, due to the lack of wg, Dll was barely detected in the genital disc (Fig. 8G) and eve expanded into the Dll territory in the anal primordia (Fig. 8F,G) . These results again demonstrate the requirement for both signals ± Wg and Dpp ± in the activation of Dll, and that Dll acts as a repressor of eve in the anal primordia.
Discussion
The ventral organisation of the genital disc
The present investigation further extends previous studies performed on the genital disc by analysing the function of the Dll gene. Dll is required for the development of the anal primordia and for the formation of some genital structures. It was found that the expression of Dll is Hh dependent, and results from the combined activity of Wg and Dpp in the genital and anal primordia both in males and females. Dll is induced in the areas of the disc where the levels of these morphogenetic signals are highest, as occurs in the leg disc (Lecuit and Cohen, 1997) .
Genes functioning downstream to wg and dpp in other imaginal discs conserve the same mechanism of activation in the genital disc. Thus, the expression pattern of omb in relation to the dpp expression domain is similar to that in leg and antennal discs. The lack of omb leads to defects in the genitalia and analia and these same structures are duplicated by the ectopic expression of omb. These structures have been described to require Dpp function . Moreover, some of the morphogenetic effects of Dpp are mediated through Omb: wg expression is prevented when omb is ectopically expressed in the wg domain. This suggests that the antagonistic interaction of Wg and Dpp is mediated by omb in the genital disc such as in the other ventral discs, leg and antenna . However, other factors may also contribute to this antagonistic interaction since in omb 2¯i es the derepression of Wg is very weak in all ventral discs (data not shown). In conclusion, both the omb expression pattern and its requirement for the development of the terminalia resemble its expression pattern and its role in other ventral appendages.
Another target gene of the Hh pathway in the leg and antenna is dachshund (dac). In the leg and antenna, the showing the absence of some bristles of the claspers (A, arrows) and the lack of the hypandrium bristles and the hypandrium hairs (D, arrow and arrowhead respectively; compare with wild type hypandrium in C). When Omb is overexpressed in the dpp domain, the reverse phenotype is observed (B,E). Duplication of the bristles of the claspers (B, arrows) and the hypandrium bristles (E, arrow) is observed. Expression patterns of Wg (red) and Eve (green) (F), and Dll (red) and Eve (green) (G) in male genital discs of MS-248/UAS-omb¯ies. Note the repression of Wg (F, arrow) and Dll (G, arrow) , and the extension of the eve domain. expression of dac is mostly complementary to the Dll expression domain and is required for the proper formation of the intermediate segments of the leg (Mardon et al., 1994) . It is known that this expression is induced by low levels of Wg and Dpp in the leg disc (Lecuit and Cohen, 1997) . In the genital disc, this gene also responds to induction by the Hh signalling pathway. However, there is a minor requirement for dac in the development of the genital structures compared to its fundamental role in the formation of the leg. Only the long bristle of the claspers is absent and the vaginal plates are disorganised (data not shown). These results also suggest that some genes conserve the mechanism of activation by the Hh pathway in the genital disc but their functional role in the formation of the terminal structures may have diverged.
The present ®ndings provide further evidence for the terminalia to be considered as a ventral appendage. In addition, they give the ®rst evidence for a similar genetic pathway operating in both the ventral and genital/anal appendages. From an evolutionary point of view, they lend support to the idea that the terminalia arose as the result of the modi®cation of a primitive appendage of a common ancestor to all arthropods (Matsuda, 1976) . The Dll requirement for some of the external genital structures broaden our de®nition of the evolutionary conserved Dll function to cover a more fundamental role than that of the proximo/ distal selector gene in the appendages.
The role of Dll in the development of the anal primordia
The anal primordia in the adult¯y give rise to the analia and the hindgut. These two structures are recognised in the primordia by the mutually exclusive expression domains of Dll and eve. The hindgut is the only terminal structure that does not seem to require Hh function. There are several facts that support this conclusion. First, after 2 days at the restrictive temperature, the disc (with the exception of the hindgut primordia) does not grow in hh ts2 mutants. In this condition, Dll expression disappears but eve expression remains in the disc and occupies the whole anal primordium. Secondly, this structure is topologically located in the central part of the disc, far away from the morphogenetic signals Hh, Dpp and Wg. Thirdly, in smo 2 cells where the reception of the Hh signal is impeded, Dll expression is not activated whereas eve is ectopically expressed. Finally, eve expression is also ectopically induced in Dll 2 cells and is repressed when the Dll domain is enlarged by the ectopic induction of the Hh pathway, or by targeted ectopic Dll expression. These ®ndings indicate that Dll 2 cells in the anal primordium are transformed into those which do not require the Hh signal cascade, such as the hindgut. This conclusion is further supported by the phenotype of Dll mutants in which the anal plates are transformed into hindgut.
The transformation of the analia, but not the genitalia, into antennae by the ectopic expression of homothorax (hth) has been recently described (Casares and Mann, 1998) . Hth can lead to antennal development when it is ectopically expressed in other imaginal discs. The expression of the murine hth homologue in the Dll domain in the genital disc, where hth is not normally expressed results in the transformation of anal plates into antennae (Casares and Mann, 1998) . Another analogy can also be made between the leg disc and the anal primordia if we compare different regions of the corresponding adult structures: the hindgut (this study) and the proximal part of the leg (Dõ Âaz-Benjumea et al., 1994; Gonza Âlez-Crespo and Morata, 1996; Gonza Âlez-Crespo et al., 1998) do not require Hh function. Furthermore, the hindgut has a different origin than the appendages. This also reinforces the idea that the true appendage corresponds to the analia and not the hindgut.
The Dll requirement for the formation of the dorsal anal plate only in females and for both anal plates in males lends further support to the idea that the anal plates form from two primordia. It is proposed that the anal primordia develop as follows: at the blastoderm stage, the anal primordium divides into two cell populations, one of which will form the dorsal analia in a female or the complete analia in a male (homologous anal primordium) while the other set of cells will form the ventral analia in a female and give rise to no structure in a male (non-homologous primordium; Andersen, 1979; Belote and Baker, 1982; Epper and Bryant, 1983) . Previous reports using the transformed 2 ts (tra 2 ts ) mutation are also consistent with this organisation (Sa Ânchez and Granadino, 1992) . In the switch from male to female development using tra 2 ts mutant, the ventral anal plate requires more time to reach a normal female phenotype than the dorsal anal plate. In the shift from the female to male determining temperature, the homologous anal primordium switches into the male programme while the non-homologous primordium is brought into the repressed state. The functional requirement for Dll only in the homologous anal primordium supports the idea that the anal plates originate from two primordia. It also suggests the existence of other gene responsible for the formation of the ventral anal plate in females.
Experimental procedures
Drosophila stocks
The following alleles were used: Dll IB (Cohen and Ju Èrgens, 1989b) , Dll 3 (Sunkel and Whittle, 1987) , Dll SA1 (Cohen and Ju Èrgens, 1989b) , Df (2R)Dll MP (Cohen and Ju Èrgens, 1989b) and omb 282 (P¯ugfelder et al., 1990) . The reporter genes dpp-lacZ (Blackman et al., 1991) , eve-LacZ (Lawrence et al., 1987) and wg-lacZ (Kassis et al., 1992 ) are expressed as their respective endogenous RNAs. For the ectopic expression experiments (Brand and Perrimon, 1993) , the following GAL4 drivers were used: three different insertions in the Dll gene (em212-GAL4, MD23-GAL4, MD728-GAL4) (Calleja et al., 1996; Gor®nkiel et al., 1997) , MS248-GAL4 (Sa Ânchez et al., 1997) , Cad-GAL4 (Calleja et al., 1996) and dpp-GAL4 (Morimura et al., 1996) . UAS-y 1 (Calleja et al., 1996) and UAS-LacZ (Brand and Perrimon, 1993) were used to visualise the Dll expression pattern in the adult cuticle. The UAS-dpp is described in , the UAS-ci described in Domõ Ânguez et al. (1996) , and the UAS-omb is described in Grimm and P¯ugfelder (1996) .
Generation of Dll
2
, smo 2 and pkA 2 clones
Clones of Dll mutant cells were generated by FLPmediated mitotic recombination as described by Golic (1991) ; Xu and Rubin (1993) . The hsp70-¯ipase (FLP122) was obtained from G. Struhl. Males of the genotype yw; FRT42D Dll SA1 /CyO /CyO males were crossed to yw FLP; armlacZ FRT40A females (Chen and Struhl, 1996) . For the induction of pKA 2 clones, males of the genotype yw; DCO H2 FRT40A/CyO were crossed to yw FLP; arm-LacZ FRT40A females (Li et al., 1995 FRT40A/CyO (Li et al., 1995) were crossed to yw FLP; arm-LacZ FRT40A females. FLP-mediated recombination was induced by incubating larvae, 24±120 h after egg laying (AEL) at 378C for 60±90 min.
Whole-mount immuno-staining of imaginal discs
X-Gal staining was performed following standard protocols (Ashburner, 1989) . Peroxidase and immuno¯uores-cence staining were performed as described by . Anti-Omb (Grimm and P¯ugfelder, 1996) , anti-En (Patel et al., 1989) , anti-Dll (Vachon et al., 1992) , anti-Wg , anti-Eve (Frasch et al., 1987) and anti-Dac (Mardon et al., 1994) antisera were kindly provided by G. P¯ugfelder, T. Kornberg, S. Cohen, M. Frasch and G. Mardon, respectively. Imaginal discs were examined under a Zeiss Laser Scan microscope.
